To address the persisting problem of leprosy in Cebu, Philippines, we compiled a database of more than 200 patients who attend an established referral skin clinic. We described the patient characteristics in conventional demographic parameters and also applied multiple-locus variable-number tandem-repeat (VNTR) analysis (MLVA) and single nucleotide polymorphism (SNP) typing for Mycobacterium leprae in biopsied skin lesion samples. These combined approaches revealed that transmission is ongoing, with the affected including the young Cebuano population under 40 years of age in both crowded cities and rural areas of the island. The emergence of multicase families (MCF) is indicative of infection unconstrained by standard care measures. For the SNPs, we designed a low-cost PCR-restriction fragment length polymorphism typing method. MLVA in M. leprae was highly discriminatory in this population yet could retain broad groups, as defined by the more stable SNPs, implying temporal marker stability suitable for interpreting population structures and evolution. The majority of isolates belong to an Asian lineage (SNP type 1), and the rest belong to a putative postcolonial lineage (SNP type 3). Specific alleles at two VNTR loci, (GGT)5 and 21-3, were highly associated with SNP type 3 in this population. MLVA identified M. leprae genotype associations for patients with known epidemiological links such as in MCFs and in some villages. These methods provide a molecular database and a rational framework for targeted approaches to search and confirm leprosy transmission in various scenarios.
During the last 4 to 5 years, genetic variation in Mycobacterium leprae has been investigated for the purpose of strain typing. Although the M. leprae genome (4) has undergone reductive evolution and is highly mutated, limited genome variability has been found between global isolates, and except for loci prone to mutation, such as variable-number tandem repeats (VNTR) (7, 8, 12, 13, 16, 19, 22, 24, 25, 26) , M. leprae strains are highly clonal species. Three single nucleotide polymorphisms (SNPs) were subsequently discovered by further genome sequencing efforts that allowed the separation of global isolates into four subtypes (14) .
Formal, systematic study of M. leprae diversity by the application of the known polymorphic markers in defined endemic settings for studying extant population structures and leprosy transmission is limited. Previously, we presented the outcome of a focused study in Qiubei County in Yunnan Province, South West China (22) . Using VNTR loci, we discovered subgroups within a major lineage. A differential geographical distribution of these subgroups was seen across the county. Furthermore, we noted the conservation of M. leprae genotypes carried by patients of multicase families (MCFs), which is indicative of localized transmission from shared sources.
We now extend such approaches to Cebu, Philippines, an island in the Central Visayas where leprosy is still in existence. From a case detection rate of 5.1 in 2001 to the current rate of 4.19, with an actual rate of about 300 registered cases for the entire island of Cebu, multibacillary cases have consistently comprised 85% to 90% of the total number of registered cases. We describe observations from conventional epidemiological and novel molecular studies. Currently, we can routinely map up to 15 VNTR loci using multiplex PCR and fragment length analysis (FLA) methods (8) . In this study, we demonstrate the development, feasibility, and applicability of a low-cost technology, a PCR-restriction fragment length polymorphism (RFLP) scheme, for rapid SNP subtyping of M. leprae DNA (14) .
MATERIALS AND METHODS

ADML strains of human origin. Four armadillo-derived M. leprae (ADML)
genomic DNAs (Thai-53, 3039/321, NHDP-63, and BR4923) were used as reference strains and taken from a panel of archived samples at Colorado State University (CSU). These four isolates were previously characterized as belonging to M. leprae SNP types 1, 2, 3, and 4 (14) . M. leprae DNA from the ADML isolates was isolated by use of a procedure described previously (7) .
Description of clinical study site, patients, and biological samples. The patients in this study were drawn from those who consulted at the Cebu Skin Clinic (CSC), Leonard Wood Memorial Leprosy Research Centre, Cebu, Philippines. For M. leprae strain typing purposes, we accessed skin biopsy specimens and/or DNA extracts from three separate studies performed in collaboration with CSC staff. A total of 228 samples were thus compiled. These samples included DNA extracted from skin biopsy specimens of patients from the 1980s (30 biopsy samples) (8) , a collection of 100 frozen sectioned skin biopsy specimens (from newly diagnosed untreated patients or those in the early stages of leprosy treat- Besides obtaining basic details of the medical histories of the patients including the leprosy condition and treatment regimen, information about the patients' geographical area of residence (village, city, and province); type/place(s) of employment and education; nature of dwelling; and source of drinking, cooking, and bathing water spanning a prior 20-year period was attained with a standardized questionnaire at the time of recruitment since the "L" study began. All studies involving biological sample collections were performed following approval from the governing human research ethical committee and informed consent procedures as necessary.
DNA extraction, multiplex PCR, and FLA for 15 VNTRs. DNA was extracted from biopsy specimens using a Qiagen (Valencia, CA) DNeasy tissue kit as described previously (7) . A multiplex PCR protocol described previously by Kimura et al. comprising four reactions for the amplification of 15 VNTR loci was achieved using a multiplex PCR enzyme kit (Qiagen) and fluorescent 5Ј-labeled forward primers and reverse unlabeled primers (8) . These 15 VNTRs include nine microsatellites [(AC)8a, (AC)8b, (AC)9, (AT)15, (AT)17, (TA)18, (GGT)5, (GTA)9, and (TTC)21] and six minisatellites (6-7, 12-5, 18-8, 21-3, 23-3, and 27-5) . Multiplex PCR products were separated by capillary electrophoresis (Applied Biosystems Genetic Analyzer 3130 at the Macromolecular Resource Facility, CSU) and FLA to determine the major allele for each VNTR locus using GeneMapper, version 3.7, software. When DNA sequencing was performed, a multiplex PCR sample was diluted 10-fold; 1 to 2 l was combined with 10 pmol of the unlabeled forward primer for the ABI Big Dye cycle sequencing reaction at the Macromolecular Resource Facility, CSU (8) .
Development of a PCR-RFLP method for SNP subtyping of M. leprae. Known M. leprae SNP loci 1, 2, and 3 (nucleotide positions 14676, 1642875, and 2935685, respectively, on the sequenced TN strain) were amplified using previously reported primer sequences (14) . Single or multiplex PCRs were set up using 1 to 2 l of the DNA extract. An additional forward primer was designed for locus 2 for a shorter product of 114 bp instead of 190 bp. High Fidelity super mix (Invitrogen, Carlsbad, CA) was used for PCRs (final volume of 20 l). The DNA products were resolved by agarose gel electrophoresis and detected by ethidium bromide staining.
The three SNP-containing sequences were examined for restriction sites overlapping the SNP using NEBcutterV2.0 (http://tools.neb.com/NEBcutter2/index .php). Restriction digest assays were developed using SmlI, CviKI-1, and BstUI for SNP loci 1, 2, and 3, respectively (New England Biolabs, MA). The PCR products (5 l) were digested with 1 unit of the enzymes. The SmlI, BstUI, and CviKI-1 reactions were performed at 55°C, 60°C, and 37°C, respectively, for 1 h. The SmlI-and BstUI-uncut and -cut DNAs were subjected to electrophoresis on 3% agarose gels. The uncut and CviKI-1-digested SNP locus 2 products were resolved on a 12% acrylamide gel. The gels were stained with ethidium bromide and visualized by UV transillumination.
Diversity and phylogeny. The Microsatellite Tool Kit (http://animalgenomics .ucd.ie/sdepark/ms-toolkit/) was used to calculate allele frequency and average allelic diversity. PAUP4.0b software was used to apply the maximum parsimony (MP) algorithm with equal or unequal weighting for all the VNTR loci (17) for a maximum of 1,000 trees. An allele difference of 1 repeat unit (increase or decrease) per locus was calculated as 1 mutation step, and a difference of 3 was calculated as 3 steps, etc., as described previously (22) . The 50% consensus trees are reported. The figure for the 50% majority-rule tree was generated with the PHYLIP program by using the "consensus" application (6) .
RESULTS
Leprosy in Philippines and in the island province of Cebu.
In 1998, about a decade after multidrug therapy (MDT) was implemented nationwide, the Philippines reached its elimination goal, with a prevalence of 0.9 cases/10,000 persons, with a total of 6,872 registered cases. After another decade of leprosy elimination campaigns, this has further gone down to a prevalence of 0.36 cases/10,000 persons, with a total of 3,156 reg- Table 1 . These patients come from all parts of the island province, voluntarily or as referrals. A large proportion of data from CSC cases since 2003 are included in the current study.
Cebu is a narrow island, 225 km long and 25 km across at the widest point (Fig. 1A) . Metro Cebu comprises seven cities (Carcar City, Cebu City, Danao City, Lapu-Lapu City, Mandaue City, Naga City, and Talisay City) and six other municipalities on the east. Each city is administratively divided into barangays (akin to a county or village). Cebu City per se is located centrally within the Metro Cebu area, while LapuLapu City is in Mactan Island and is connected to the main island by a bridge. The CSC is in Cebu City, while the leprosarium is located in Mandaue City. It is slightly over 10 km north of the CSC. Of the 228 patients in this study, one-third reside in Cebu City (Fig. 1B) .
The majority of the patients were bacteriological index (BI) positive, as judged by microscopic examination of slit skin smear (SSS) samples or biopsy specimens and were prescribed the standard multibacillary WHO MDT treatment (1-year duration in Philippines). Considering the "L" and "M" groups (n ϭ 178), the ages of the patients ranged from 5 to 71 years, with a mean of 30 years. The proportions of patients under 30 and 40 years of age were 66% and 80%, respectively. The ratio of male to female patients was 3:1.
MLVA-based genomic variation of M. leprae in patients in Cebu, Philippines. Skin biopsy specimens taken from leprosy patients at the time of diagnostic procedures or during treatment (as in the case of 38 of the 100 M group samples) were the source of M. leprae DNA in these studies. Multiple-locus VNTR analysis (MLVA) was performed for a total of 228 specimens using multiplex PCR and FLA procedures described previously (8) to determine the number of repeats (hereafter known as alleles). The samples from patients (n ϭ 21) with a low BI (BI Ͻ 1.5) did not yield data for all loci and were excluded from the subsequent analysis.
The MLVA data for 15 loci from the 207 Cebu samples, NHDP63 reference DNA, and sequenced M. leprae strain TN (4) were analyzed for allelic diversity and population structure. The allelic diversity across the 15 loci ranged from 0.1 to 0.94, and the heterozygosity value for the entire data set is 0.5334 (21) .
Comparison of M. leprae VNTR patterns in SSS samples and skin biopsy specimens. To compare the stabilities of VNTRs in different body compartments, VNTR data for biopsy specimens and SSS samples from 10 high-BI patients were also analyzed (Table 2 ) and were found to be mostly similar. We noted extra product peaks for the SSS for some of the more variable stutter-prone microsatellites. Such patterns may represent variants of a dominant isolate. SSS is usually a mix of smears from the lesion site (biopsy specimen) and as well as from other body sites. Rapid PCR-RFLP SNP subtyping of M. leprae in patients in Cebu, Philippines. By using the NEBcutter2 program, we were able to identify commercially available enzymes that are suitable for the detection and separation of the four SNP subtypes according to the scheme shown in Fig. 2 and 3 . The recognition sequences for SmlI, BstUI, and CviKI-1 are CTYRAG, RGCY, and CGCG, respectively.
At first, we verified the feasibility of using one, two, or three enzymes for subtyping of SNPs 1 to 4 for reference M. leprae strains as shown in Fig. 3 . The restriction enzyme products could be resolved on a 3% agarose gel for SmlI and BstUI. A novel primer set was designed for the SNP 2 locus to eliminate non-SNP CviKI-1 cutting sites. However, there are still two recognition sites: one from the SNP "T" allele would yield fragments of 61, 11, and 42 bp, while amplicons lacking the SNP "T" allele would produce 72-and 42-bp fragments. The 3% agarose gel system was not adequate to reliably differentiate the 72-and 61-bp CviKI-1 fragments; therefore, a 12% acrylamide gel system was used.
After establishing the PCR-RFLP method for separating the
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isolates of SNP types 1 to 4, we applied it to all 100 samples from the "M" study. The first step of PCR amplification of SNP locus 3 revealed that 99% of the DNAs yielded products, and 18 samples could be digested with BstUI. One of the samples did not yield PCR products for all the three SNP loci.
DNA sequencing of the PCR amplicons of the remaining samples confirmed that all BstUI-sensitive amplicons carried SNP allele "C," while a random selection of the BstUI-resistant samples carried the "A" allele. In the next step, we examined the susceptibility of SNP locus 1 to SmlI. None of the amplicons were digested, as was corroborated by the sequence of the products, and thus, SNP type 4 M. leprae strains are absent in this clinical sample set. Finally, to classify the strains carrying the SNP locus 3 BstUI-resistant phenotype into type 1 or type 2, CviKI-1 enzyme digestion of the locus 2 PCR products was performed. One sample of type 2 was confirmed by sequencing at SNP loci 2 and 3. Another isolate that was restriction positive was sequenced was confirmed to carry the "T" allele; however, a PCR product for locus 3 was not obtained, so we were unable to classify it as being type 2, 3, or 4. One of the samples gave mixed cut and uncut CviKI-1 RFLP patterns. Furthermore, both alleles G and T were observed in the DNA sequence. Interestingly, short tandem repeat (STR) typing of this DNA (M55) also revealed mixed signals at multiple loci even when independent aliquots of biopsy specimen sections of this sample were tested, indicating a mixed infection or contamination of the specimen. In summary, we were able to SNP subtype 97 of the 100 specimens. VNTR alleles predictive of SNP type 3 for Philippine isolates. Correlating the SNP subtypes with the VNTR profiles of 15 loci revealed that the alleles at the (GGT)5 and 21-3 loci were 4 and 1 or 2, respectively, for the SNP type 3 isolates (Fig. 4A to C) , while other combinations of alleles such as 4:3, 5:3, 5:1, and 5:2 were seen in isolates of SNP types 1 and 2.
To determine if this allelic signature is predictive of SNP Of these, we first tested eight L and four R samples.
As controls, we randomly tested other "L" (n ϭ 6) and "R" (n ϭ 1) samples that did not have the VNTR pattern of interest. All eight L samples were of SNP type 3 ( Fig. 5) , while the "controls" were not. The "R" samples had degraded, or very little was remaining at the time when these new assays were being tested, and we could recover PCR amplicons for one sample (SNP type 3). Subsequently, we completed the PCR-RFLP SNP typing of the remaining 64 L samples and demonstrated that the SNP type 3 prediction rule was valid. Population structure of M. leprae isolates from Cebu, Philippines. There are several computation models and software to infer clustering and/or phylogenetic relationships with the molecular data set (1, 9, 10, 11, 15, 17). We applied MP principles, assumed a stepwise mutation model, and executed the analysis using the PAUP software program (17) . By arbitrarily defining the sequenced strain TN as the outgroup taxon, 50% consensus trees were generated. Since the allelic diversity of each locus was found to be different in this study population, we weighted the loci according to the inverse of the individual allelic diversity index for MP. Neighbor joining and unweighted-pair group method using average linkages were also executed from the same data sets (data not shown) in PAUP.
Five major groups emerged in phylogenetic trees using MP (Fig. 6 ), neighbor joining, and the unweighted-pair group method using average linkage algorithms, which we have named groups A, B, C, D, and T. The T group, comprising 10 isolates, is seen proximal to the sequenced TN strain. This grouping may be attributed to the three copies of the 23-3 VNTR locus that are rare in the entire data set and other alleles shared with strain TN.
The majority of the remaining isolates fall within groups A, B, C, and D. Groups A and B are separated from groups C and D due to the (AC)8b locus. Groups A and B have 8 copies of the VNTR, whereas in groups C and D, the allele is 7 copies. Group A is then branched into groups A1 and A2; the (AC)9 allele is 8 or 9 copies, respectively. The 18-8 locus, with alleles of 8 or 4 copies, separates B1 from B2.
Group C, comprising 45 clinical isolates, is characterized by low allele numbers for (AC)8b, (TA)18, (GGT)5, (TTC)21, Fig. 6 and 7) . Group D is characterized by a distinctive six-copy allele of the (GGT)5 locus, and all isolates have 10 repeats at the (AC)8a locus.
The majority of the Cebu M. leprae isolates are of SNP type 1. Of the 207 samples for which VNTR patterns were mapped, 100 M, 78 L, and 5 R samples were tested for SNP types. From these samples, 10 L, 18 M, and 1 R samples were confirmed as being of SNP type 3. In the rest of the "R" samples for which DNA is no longer available for testing, three more carry the 4:1 alleles for (GGT)5:21-3. Therefore, we estimate that 16% (32/ 207) of the study population are of SNP type 3. Interestingly, in trees that were derived based solely on VNTR alleles, the SNP type 3 isolates converged into group C described above, separating from the remaining isolates at a deep or intermediate branch level. The allele profiles for the SNP type 3 versus SNP type 1 isolates are shown in Fig. 7 . A few non-SNP type 3 (of SNP type 1; n ϭ 13) isolates also group with the SNP type 3 isolates in group C, probably due to their low allele numbers, which is typically seen in SNP type 3 isolates (Fig. 7) but not in the majority of the SNP type 1 isolates.
Identification of plausible transmission clusters in Cebu by genotyping. Exposure to the M. leprae source can occur within and outside the household, such as in the community, place of employment, and place education, etc. The barangay of residence at the time of sampling was known for nearly 200 patients. However, daily, weekly, or monthly commute for work or other reasons is not uncommon for residents in the Metro Cebu region.
The patient population studied included several MCFs. MCFs presenting to the clinic within a period of 4 years of each other serve as a model for recent infections from one to the other or from another common source. The 15-locus VNTR profiles of M. leprae from these patients are shown in Table 3 . In general, the mismatched alleles in the MCFs occurred in the more polymorphic and stutter-prone VNTR loci. In the two pairs family 3 (F3) and F4, there were differences in many loci. Accordingly, four of the six MCF pairs appeared to be close in the consensus tree despite allelic differences at one or more loci (Fig. 6 ). Based on these trends, we tentatively define transmission clusters in Cebu as patients/isolates whose M. leprae VNTR alleles are shared at 12/15 loci (includes all minisatellites) and colocalize in the weighted consensus tree.
Besides examining the genotypes of M. leprae strains in MCFs, we sorted the VNTR profiles according to barangays. There is not much evidence of geographic segregation of strains according to VNTR or SNP profiles. However, several matched pairs emerged (Table 4) , which are suitable for formal secondary epidemiological investigations of these cases and an active search for other new cases in these barangays, activities not within the scope of the current study.
DISCUSSION
Global standardized guidelines for the diagnosis and treatment of leprosy with a goal of elimination have been available and in practice for more than 2 decades (23). However, new patients are being detected at unchanged rates in some regions of endemicity, leaving fundamental questions about sources and routes of transmission and efficacy of leprosy control measures unanswered. Classical epidemiology and leprosy control programs have frequently identified household contacts of patients as being at a higher risk of infection than the general population (2, 3, 20) ; explanations or tools are not routinely in place for tracing the origins and relationships of these and remaining new cases (5, 18) .
In susceptible individuals, leprosy manifests as single or multiple skin lesions often remaining unnoticed or not reported and undiagnosed for extended durations. Laboratory testing including SSS testing and biopsy specimen examinations is not On the left, a 50% consensus phylogenetic tree generated using the MP algorithm is shown, and the major branches are marked A, B, C, D, and T. The source of each M. leprae isolate is indicated in the three columns to the right: study (R, M, and L) sample, barangay, and city, respectively. The conserved allelic patterns within each branch are indicated at the extreme right. The locus order is (AC)8b, (GTA)9, (GGT)5, (AT)17, 21-3, (AC)9, (AT)15, (AC)8a, 27-5, 6-7, (TA)18, (TTC)21, 18-8, 12-5, and 23-3. Clustering of genotypes within MCFs and/or barangays is seen, represented by codes F1 to F6 (VNTR genotypes are shown in Table 3 ) and B1 to B8 (as listed in Table 4 ).
universally required for diagnosis. M. leprae is noncultivable in the laboratory even after detection. These and social factors impede tracing leprosy infections in communities. Nevertheless, molecular technologies of strain typing of the infectious agent directly from skin lesions and SSS, when available, are emerging and being explored to provide novel information and overcome these challenges in traditional leprosy control.
We present findings and interpretations for molecular strain typing of M. leprae based on 15 VNTR genomic markers by studying nearly 170 patients residing in Cebu, Philippines, from a recent 4-year period. Another 30 patients from 20 years ago were also included. Subtyping on the basis of three SNP markers was applied to approximately half the study population. In this regard, the Cebu study represents a comprehensive and descriptive molecular analysis encompassing a large cohort of patients.
Skin biopsy specimens from a single lesion per patient were collected and used as the source of the M. leprae DNA for genotyping. For the Cebu patient group, the panel of 15 VNTR markers exhibited slow, medium, and rapid rates of evolution. Therefore, all loci were informative, revealing a heterogeneous, diverse M. leprae population. In contrast, we observed that in Qiubei, China, the M. leprae isolates appeared to have descendants of a dominant genotype, with only a few of the 15 VNTR loci being polymorphic. Thus, not all M. leprae VNTR loci are highly variable; markers suitable for genotyping can be exploited, but these markers need to be determined empirically for each population or region of endemicity.
Finding conserved VNTR profiles in MCF pairs is consistent with the potential for MLVA in tracing sources of infection or identifying a transmission network. While MLVA was able to demonstrate that genotypes were shared for patients with known epidemiological links, the estimated phylogenetic trees contain clusters with no known links together with those with disparate residential histories. Multiple factors including the -L42  8  11  5  13  3  8  19  9  5  7  22  29  8  4  2 Sambag 1 Cebu  F1-M20  8  11  5  13  3  7  20  9  5  7  21  29  8  4  2 Sambag 1 Cebu  F2-M90  8  12  5  13  3  8  16  9  5  7  21  34  8  3  2 Umapad Mandaue  F2-M91  8  12  5  14  3  8  16  9  5  7  22  27  8  3  2 Umapad Mandaue  F3-L14  7  11  5  13  3  8  16  9  5  8  16  22  8  4  2 Babag II Lapu-Lapu  F3-L29  9  9  5  16  3  9  14  9  5  7  16  29  8  5  2 Babag II Lapu-Lapu  F4-M26  8  9  5  14  3  9  14  9  5  7  25  32  8  4  2 Opao  Mandaue  F4-M85  8  9  5  14  3  9  17  9  5  7  21  25  8  5  2 Lanao  Daanbantayan  F5-M46  8  10  5  18  3  9  15  9  5  7  20  26  8  5  2 Alaska  Mambaling  F5-M71  8  9  5  18  3  9  15  9  5  7  19  25  8  5 long incubation period of leprosy, missing data due to partial patient coverage (capture) in this study (Table 1) , the lack of sensitivity of MLVA in paucibacillary biopsy specimens, and patient mobility are probable causes. The search for new genomic markers should continue and be evaluated as they are discovered. Monot et al. previously described a classification of global isolates into four types based on the discovery of three SNPs (14) . SNP type 1 M. leprae was shown to be prevalent in Asia (Nepal, India, South Korea, Thailand, and Philippines), the Pacific islands of New Caledonia, and East Africa, while type 3 was found in the European, North African, and American continents and also in New Caledonia. In our study, we also found that the major circulating isolate in Cebu is of SNP type 1; 16% belong to SNP type 3. Cebu was colonized by the Spaniards in the 16th century, and therefore, the finding of SNP type 3 isolates could be attributed to this history. However, SNP type 3 isolates are also prevalent in Japan, South Korea, and China (14, 22) . Therefore, the exact origin of the Cebu strains is not definite. Interestingly, VNTR markers could separate the SNP type 3 isolates from the majority of the SNP type 1 isolates. Distinctive allelic patterns were found for SNP type 3 isolates, typically contractions rather than expansions at several microsatellite and minisatellite loci compared to SNP type 1 isolates. In addition, a two-locus signature that is highly predictive of SNP type 3 within the Cebu population was detected. These data indicate that there is sufficient stability in the VNTR markers to retain phylogenetic relationships during transmission. The detection of the polymorphism for the 21-3 minisatellite requires simply a 3% agarose gel system, with the detection of one-or two-copy alleles being a good indicator of the SNP type 3 in the studied population. The two SNP subtypes were not found to be localized to any part of the island, suggesting that there has been considerable circulation and dispersion of leprosy in this community.
Intrapatient variability of VNTRs has been raised as a concern in two previously reported studies (13, 24) . Those studies examined VNTR profiles of more than one clinical sample per patient taken at the same and/or different time points. In a study of 42 patients in Mali, Africa, 36 patients showed no allelic variation in all five loci, four of which were microsatellites (13) . For six patients, one-or two-copy variations were noted at one or all loci. It was suggested that a larger panel of markers exhibiting a broader range of allelic diversities would be necessary to assess if there were any genotypic relationships within this patient population. SNP typing was unable to further discriminate the isolates, as they were all of type 4.
There are several indications from our findings in Cebu that VNTRs can be used as markers for the study of both strain evolution and leprosy transmission: the distinctive clustering of SNP type 3 isolates by VNTRs, the contrasting allelic properties between the Cebu and Qiubei leprosy patients, and the closely matching profiles in MCFs despite the overall diversity of the population and the analysis of one-time-point single biological samples.
Regarding the possibility of the detection of mixed infections, we found one biopsy sample (M55) from which two distinct alleles were detected at several VNTR loci (11/15) in electropherograms by the FLA technique, which would have been missed with conventional DNA sequencing. Separate aliquots of frozen sections gave the same results.
The absolute definition of strain identity and the a priori choice of markers are not yet clear because these will be dependent on strain diversity in the target population and have yet to be experimentally described. The mechanisms by which M. leprae isolates are established during infection (and rein- AC8b  GTA9  GGT5  AT17  21-3  AC9  AT15  AC8a  27-5  6-7  TA18  TTC21  18-8  12-5  23-3 fection) and evolve are not known and could be influenced by the endemicity (incidence rate), population size, host susceptibility, leprosy control measures, and other unknowns such as environmental reservoirs. Furthermore, the methodology and analysis can vary on whether the application is for discerning localized transmission, for delving into broader evolutionary relationships, or for both as we have discerned in this study using 15 markers for Cebu cases. The baseline molecular epidemiology database and approaches from this work will aid in designing targeted studies to monitor selected genotypes/clusters, perform active case finding, and trace and thus uncover transmission arising in settings beyond the household such as school, employment, and socialization or from environmental sources. The collection and banking of samples such as skin biopsy specimens and SSS and a tiered approach to strain typing such as that described here could be adopted in other reference clinics.
